###### Key messages

What is already known about this subject?
=========================================

-   Dysfunctional microRNA--messenger RNA (miRNA--mRNA) interactions have been demonstrated to mark osteoarthritis (OA) pathophysiology.

-   Targeting dysfunctional miRNA--mRNA interactions by miR mimics or antagomirs fulfil an important therapeutic promise.

What does this study add?
=========================

-   A data integration framework to systematically identify miRNAs involved in OA pathophysiology.

-   A first comprehensive miRNA interactome of OA pathophysiology.

How might this impact on clinical practice or future developments?
==================================================================

-   The OA miRNA interactome provides a roadmap to pinpoint candidates for future miRNA-based therapies.

Introduction {#s1}
============

Osteoarthritis (OA) is an age-related, disabling joint disease characterised by progressive heterogeneous changes in articular cartilage and subchondral bone. OA is the most common arthritic disease causing serious restrictions in major daily life activities, yet without an effective treatment.[@R1] At the tissue level, it has been demonstrated that OA pathophysiology is marked by altered gene expression regulation.[@R2] This may be triggered by dysfunctional adaptation processes of the bone and/or cartilage on inevitable challenges occurring during life, due to ageing,[@R6] genetic make-up[@R7] or mechanical (over)loading.[@R8]

A substantial number of mechanisms, commonly referred to as epigenetics, are known to dynamically regulate changes in gene expression, particularly relevant in postmitotic cells such as chondrocytes. Epigenetic variation includes DNA methylation at CpG sites, histone modifications, and expression of non-coding RNAs such as microRNAs (\<22 base pairs; miRNA) and long non-coding RNAs (\<200 base pairs).[@R9] miRNAs are known to play an important role in post-translational regulation of gene expression via antisense binding to messenger RNA (mRNA), whereas their dysfunction has been demonstrated to mark many complex diseases including OA.[@R12] Notably, targeting dysfunctional miRNA--mRNA interactions has emerged as an important therapeutic promise for preclinical development as exemplified by successfully applied miRNA mimics or anti-miRs in cancer.[@R13]

With respect to OA, an increasing number of studies report on differential expression (DE) of miRNAs with ongoing OA pathophysiology.[@R12] Nevertheless, the majority of these studies report on candidate miRNA and mRNA interactions, such as miR-140 with *ADAMTS5*, *MMP13* and *IGFBP5*.[@R15] To explore the full miRNA interactome of OA pathophysiology and explore its full potential to dynamically regulate gene expression in articular cartilage, we performed genome-wide miRNA and mRNA sequencing in preserved and OA-affected articular cartilage samples. To prioritise the most likely genes sensitive to the OA process that are targeted by miRNAs, we applied a stepwise integrative approach to our partly overlapping miRNA and mRNA sequencing data sets of preserved and lesioned OA cartilage, integrated with data from publicly available databases such as those with target predictions as well as those with experimentally validated data.

Methods {#s2}
=======

Sample description {#s2-1}
------------------

Preserved and lesioned cartilage samples from the same donor were obtained from the Research in Articular osteoArthritis Cartilage (RAAK) study consisting of patients with OA who underwent joint replacement surgery due to an end-stage disease.[@R4] In the current study, cartilage samples of 63 patients were included ([online supplementary table-S1](#SP1){ref-type="supplementary-material"}).
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Small RNA and mRNA sequencing {#s2-2}
-----------------------------

Sequencing of high-quality miRNA and mRNA was performed on, respectively, the Illumina HiSeq 2500 and the HiSeq 2000/4000. A detailed description on alignment, mapping and normalisation is available in [online supplementary materials](#SP2){ref-type="supplementary-material"}.

10.1136/annrheumdis-2018-213882.supp2

DE analysis {#s2-3}
-----------

DE analysis was performed on paired samples of both data sets, that is, 30 paired samples (14 knees and 16 hips) for miRNA and 35 paired samples for mRNA (28 knees and 7 hips; [figure 1](#F1){ref-type="fig"}). miRNA DE analysis was also performed while stratifying for joint (14 paired knees and 16 paired hips) ([online supplementary materials](#SP2){ref-type="supplementary-material"}). Benjamini-Hochberg multiple testing corrected-p values with a significance cut-off of 0.05 are reported as false discovery rate (FDR).

![Data integration approach. Relative log normalised miRNA and mRNA expression matrices were concatenated. Next, differentially expressed miRNAs and genes were correlated and integrated according to the opposite direction of its FC. Further, miRNA--mRNA interactions from prediction tools and experimentally validated databases were integrated. Finally, target genes that followed these criteria were considered to build an OA miRNA--mRNA network. DE, differential expression; FC, fold change; miRNA, microRNA; mRNA, messenger RNA; OA, osteoarthritis.](annrheumdis-2018-213882f01){#F1}

Prioritisation of miRNA--mRNA targeting pairs {#s2-4}
---------------------------------------------

To generate an OA-specific miRNA interactome, we applied an integrated stepwise prioritisation approach ([figure 1](#F1){ref-type="fig"}) to the identified set of DE miRNAs and mRNAs based on (1) significant negative Pearson's correlation (\|r\|\>0.5 and p\<0.05) between miRNA and mRNA levels (19 overlapping samples, 15 patients); (2) opposite direction of fold change (FC) of mRNA and miRNA between the paired samples; (3) miRNA--mRNA target prediction from TargetScan[@R17] and microT-CDS[@R18]; and (4) experimentally validated miRNA--mRNA target pairs downloaded from miRTarBase V.7.0[@R19] and TarBase V.7.[@R20] Prioritised miRNA--mRNA target pairs were integrated into an miRNA--mRNA network based on their correlation and FCs ([online supplementary materials](#SP2){ref-type="supplementary-material"}).

Pathway enrichment {#s2-5}
------------------

Pathway enrichment analysis was performed using the online tool DAVID[@R21] while selecting Gene Ontology terms for biological processes (GOTERM_BP_DIRECT). Bonferroni multiple testing-corrected p values with a significance cut-off of 0.05 are reported as familywise error rate (FWER). Enrichment analyses of the DE genes with FC ≥2 were performed separately for further comparison. To specifically identify the miRNA regulated pathways in OA cartilage, enrichments of miRNA-target genes were performed using all significant DE genes (FDR\<0.05) as background.

Functional validation {#s2-6}
---------------------

Primary chondrocytes isolated from three independent donors were transfected with antagomirs and miR mimics for miR-143--3 p, miR-329--3 p and miR-99a-3p using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen) according to the manufacturer's protocol. Reverse transcriptase-quantitative PCR (RT-qPCR) was performed adjusting for the housekeeping genes *GAPDH* and *ARP* (for further details see [online supplementary materials](#SP2){ref-type="supplementary-material"}).

Data availability {#s2-7}
-----------------

FASTQ files are available on ArrayExpress E-MTAB-7313. The code to reproduce the analysis is available on <https://git.lumc.nl/rcoutinhodealmeida/miRNAmRNA>.

Results {#s3}
=======

To identify the miRNA--mRNA regulatory landscape in OA cartilage, we performed a stepwise approach to integrate the miRNA (n=30 pairs) and mRNA (n=35 pairs) sequencing data sets of preserved and lesioned OA cartilage, samples containing n=19 overlapping samples ([figure 1](#F1){ref-type="fig"}).

Differentially expressed miRNAs between lesioned and preserved OA cartilage {#s3-1}
---------------------------------------------------------------------------

We found 142 DE miRNAs (FDR\<0.05) between lesioned and preserved OA cartilage with absolute FCs ranging from 1.2 to 4.9 ([figure 2A](#F2){ref-type="fig"}, [online supplementary table-S2](#SP3){ref-type="supplementary-material"}﻿﻿). The most significant DE miRNAs were miR-127--3 p (FC=0.5, FDR=1.1×10^−6^) and miR-451a (FC=2.3, FDR=1.2×10^−6^). As shown in [figure 2A](#F2){ref-type="fig"}, the majority of DE miRNAs were upregulated in lesioned as compared with preserved OA cartilage (91 out of 142 miRNAs) with miR-206, recently reported in relation to OA,[@R22] displaying the largest FC (FC=4.9, FDR=3.5×10^−6^). Conversely miR-504--5 p (FC=0.4, FDR=2×10^−5^) showed the largest fold decrease in lesioned OA cartilage ([figure 2A](#F2){ref-type="fig"}, [online supplementary table-S2](#SP3){ref-type="supplementary-material"}). Next to miR-206, we found 40 other DE miRNAs that have consistently been associated with OA in functional follow-up studies, for example miR-140--5 p (FC=1.4, FDR=0.04), miR-143--3 p (FC=2.1, FDR=0.0001), miR-146a (FC=0.5, FDR=0.01) and miR-155--5 p (FC=1.8, FDR=0.005).[@R16] Additionally, we identified 102 DE miRNAs not previously reported in OA, such as miR-95--3 p (FC=4.3, FDR=2.8×10^−8^), miR-3934--5 p (FC=1.9, FDR=1.8×10^−6^) and miR-99a-3p (FC=0.6, FDR=0.004). Moreover, several members of particular miRNA families are found to be differentially expressed, such as the miR-320 and let-7 family ([online supplementary table-S2](#SP3){ref-type="supplementary-material"}). DE expression was confirmed for four out of four miRNAs by applying RT-qPCR in independent paired preserved and lesioned OA cartilage samples (n=21): miR-127--3 p (FC=0.8, p=0.012), miR-451a (FC=2.3, p=0.024), miR-99a-3p (FC=0.8, p=0.0007) and miR143-3p (FC=1.8, p=0.07) ([online supplementary figure-S1](#SP4){ref-type="supplementary-material"}).
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![Paired differential expression analyses between preserved and lesioned OA cartilage. (A) Volcano plot with the differentially expressed miRNAs. (B) Volcano plot with the differentially expressed genes. Blue circles represent downregulated miRNAs (A) or genes (B); circles are red when they are upregulated. Labelled are the top differentially expressed genes and miRNAs, as well as the known and novel discovered ones. FC, fold change; FDR, false discovery rate; miRNA, microRNA; OA, osteoarthritis.](annrheumdis-2018-213882f02){#F2}

To explore whether we could detect joint site-specific miRNAs, stratified analyses for hip (n=16 pairs) and knee joints (n=15 pairs) were performed. Despite the relative equal number of samples, we found in the hip 117 ([online supplementary table-S3](#SP5){ref-type="supplementary-material"}) and in the knee 22 ([online supplementary table-S4](#SP6){ref-type="supplementary-material"}) significant DE miRNAs (FDR\<0.05) between lesioned and preserved OA cartilage. Of these, 14 DE miRNAs were specific for hip cartilage (eg, miR-122--5 p: FC=5.14, FDR=6.6×10^−5^) and five for knee cartilage ([online supplementary figure-S2](#SP7){ref-type="supplementary-material"}). Notably miR-451a was the most significantly differentially expressed in the hip (FC=3.3, FDR=5.0×10^−8^) and total (FC=2.3, FDR=1.2×10^−6^) data set, yet not differentially expressed in the knee data set.
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Genes differentially expressed between lesioned and preserved OA cartilage {#s3-2}
--------------------------------------------------------------------------

We identified 2387 DE mRNAs or genes (FDR\<0.05) between lesioned and preserved OA cartilage ([figure 2B](#F2){ref-type="fig"}, [online supplementary table-S5](#SP8){ref-type="supplementary-material"}). Of these, 1188 genes were downregulated in lesioned compared with preserved OA cartilage, and 1199 upregulated ([online supplementary table-S5](#SP8){ref-type="supplementary-material"}). As shown in [figure 2B](#F2){ref-type="fig"}, the most significantly downregulated gene was *CISH* (FC=0.5, FDR=4.7×10^−18^), encoding the cytokine inducible SH2 containing protein which is known as an important suppressor of cytokine signalling through the JAK-STAT5 pathway. The most significantly upregulated gene was *IL11* encoding interleukin-11, which also showed the largest FC in lesioned as compared with preserved OA cartilage (FC=22.7, FDR=1.5×10^−20^). The genes *DCC* (FC=0.1, FDR=3.3×10^−11^) and *CHRDL2* (FC=0.1, FDR=7×10^−9^) showed the largest fold decrease in lesioned as compared with preserved OA cartilage ([figure 2B](#F2){ref-type="fig"}, [online supplementary table-S5](#SP8){ref-type="supplementary-material"}). We found several previously reported OA-related genes, such as *WNT16* (FC=8.4, FDR=1.1×10^−13^) and *TNFRSF11B* (FC=3.0, FDR=7.1×10^−12^),[@R26] but also revealed new DE genes with OA, such as *P3H2* (FC=3.2, FDR=4.7×10^−18^) and *ISM2* (FC=5.2, FDR=4.7×10^−18^). As shown in [table 1](#T1){ref-type="table"}, enrichment analyses of the DE genes with FC≥2 (n=372) revealed significant enrichment (FWER \<0.05) for pathways earlier reported in relation to OA pathophysiology (eg, 'extracellular matrix organization', 'skeletal system development', 'cell adhesion' and 'positive regulation of gene expression').
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###### 

Pathways enrichment analysis of differentially expressed genes

  Term                                     P values   FWER       Fold enrichment   Genes
  ---------------------------------------- ---------- ---------- ----------------- -------------------------------------------------------------------------------------------------------------------------------------------
  Extracellular matrix organisation        1.82E-07   5.99E-05   5.20              MATN4, POSTN, VIT, COL9A1, LAMB3, TNFRSF11B, FBLN1, COL19A1, COL7A1, FOXF1, TNR, SERPINE1, TGFBI, LAMC2, VCAN, SPP1, FN1
  Skeletal system development              3.07E-06   1.01E-03   5.69              BMP3, NOG, SOX11, POSTN, NPR3, FRZB, PAX1, TNFRSF11B, COL19A1, GDF10, VCAN, BMPR1B, BMP6
  Cell adhesion                            8.94E-05   2.93E-02   2.74              AMTN, POSTN, AJAP1, CDH6, TNFAIP6, LAMB3, WISP2, COL19A1, COL7A1, LSAMP, TNR, MSLN, TGFBI, DSC3, RELN, LAMC2, VCAN, CHL1, SPP1, FN1, AOC3
  Positive regulation of gene expression   1.30E-04   4.25E-02   3.43              ODAM, WNT16, NOG, TESC, SOX11, IQGAP3, KIT, HMGA2, RIMS1, NTRK3, INHBA, FBLN1, ANK3, NGF, FN1

FWER, familywise error rate.

OA-specific miRNA interactome {#s3-3}
-----------------------------

To generate an OA-specific miRNA interactome of the most likely miRNA--mRNA target pairs, the integrated stepwise prioritisation approach outlined in [figure 1](#F1){ref-type="fig"} was applied using 19 samples for which we had both miRNA and mRNA sequencing data. In [online supplementary table-S6](#SP9){ref-type="supplementary-material"} we provided the 331 prioritised miRNA--mRNA target pairs, including their target predictions and/or experimental validations from respective databases. Prioritised miRNA--mRNA target pairs were integrated into an miRNA--mRNA network based on their correlation and FCs as such generating the OA-specific miRNA interactome ([figure 3](#F3){ref-type="fig"}). The fact that 62 DE miRNAs were interacting with 238 DE target genes reflects that miRNAs are bound to target many genes in a complex structure. As shown in [figure 3](#F3){ref-type="fig"}, the network consists of two large clusters of connected miRNA--mRNA pairs, one in which the miRNAs are downregulated (blue miRNA nodes) and another in which the miRNAs are upregulated (red miRNA nodes). Notably within the 'downregulated miRNA cluster' is the previously unknown OA-related miR-99a-3p that targets 36 DE genes, with 3 of them showing a strong correlation: *FZD1* (r=−0.73, p=0.0001), *ITGB5* (r=−0.70, p=0.00031) and *GDF6* (r=−0.70, p=0.00039) ([online supplementary table-S6](#SP9){ref-type="supplementary-material"}). Furthermore, these three genes each correlates with at least one other targeting miRNA ([figure 3](#F3){ref-type="fig"}). A notable example in the 'upregulated miRNA cluster' is the previously identified miR-143--3 p that targets 16 DE genes. Among these, at least three genes, *DCAKD* (r=−0.71, p=0.0002), *AMIGO1* (r=−0.70, p=0.0003) and *SMAD3* (r=−0.68, p=0.0008), show a strong correlation to miR-143--3 p, which additionally shares target genes with miR-10a-5p and miR-21--5 p, being *TNS3*, *THRA* and *GID8*. Of note in the 'upregulated miRNA cluster' is also the miRNA family miR-320, targeting the mRNA of 30 genes including *MANF* and *CISD2*, which are correlated with all miRNAs from this respective family. Besides these two large clusters, there are 15 small clusters, mostly with one miRNA targeting few mRNAs ([figure 3](#F3){ref-type="fig"}). For example, miR-493--3 p forms a separate cluster with its 10 target DE genes. By applying RT-qPCR in n=21 independent preserved OA cartilage samples, we confirmed correlation between the miRNA--mRNA expression for miR-99a-3p with *FZD1* (r=−0.54, p=0.02) and with *GDF6* (r=−0.58, p=0.01) ([online supplementary figure-S3](#SP10){ref-type="supplementary-material"}).
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![OA miRNA--mRNA interactome*﻿*. Network of differentially expressed miRNAs targeting differentially expressed genes between unaffected (preserved) and lesioned OA cartilage. Diamonds are miRNAs and circles genes; edges denote that an miRNA targets the connected gene. The size of the nodes is proportional to the number of edges (interactions). Node colour characterises the strength and the direction of the expression change between unaffected (preserved) and lesioned OA cartilage. Edge thickness corresponds to Pearson's correlation between the miRNA and gene across all samples. miRNA, microRNA; mRNA, messenger RNA; OA, osteoarthritis.](annrheumdis-2018-213882f03){#F3}

Functional validation of miRNA--mRNA target pairs {#s3-4}
-------------------------------------------------

To study the downstream effects of highlighted miRNAs, we studied the effects of miR-143--3 p antagomir and mimic. This miRNA shows singular connections to the *GHR*, *SMAD3*, *AMIGO1* and *DCAKD* genes ([figure 4A](#F4){ref-type="fig"}). As shown in [figure 4A](#F4){ref-type="fig"}, transfection with the miR-143--3 p mimic resulted in consistent downregulation of its singular target genes *AMIGO1* (p=0.071), *SMAD3* (p=0.032), *GHR* (p=0.115) and *DCAKD* (p=0.089). The antagomir of miR-143--3 p did not result in a clear response to the respective target genes. Furthermore, the effects of antagomirs and miR-mimics of miR-99a-3p and miR-329--3 p, both correlating to the *WNT9A*, *FZD1* and *GDF6* genes ([figure 4B](#F4){ref-type="fig"}), were analysed. As shown in [figure 4B](#F4){ref-type="fig"}, the miR-99a and miR-329--3 p mimics and antagomirs resulted in consistent changes in the *WNT9A*, *FZD1* and *GDF6* gene expression; however, the direction of effects was variable. Most notable is the inverse effect of the miR mimics on *GDF6* expression (FC=1.8, p=0.036 and FC=0.6, p=0.059 for miR-329--3 p and miR-99a-3p, respectively). The strongest effect was observed for miR-329--3 p mimic on *WNT9A* expression (FC=0.25, p=0.036). To further explore these interactions, we correlated the expression levels of *WNT9A*, *GDF6* and *FZD1* on transfections with mock controls, antagomirs and mimics of miR-329--3 p and miR-99a-3p ([online supplementary figure-S4](#SP11){ref-type="supplementary-material"}). Notable is the reduced correlation between *WNT9A* and *FZD1* particularly on transfection with, respectively, the miR-329--3 p mimic and the miR-99a-3p antagomir illustrating the different interacting levels at which expression of these genes is controlled by miR-99a-3p and miR-329--3 p.
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![Functional validation miRNA--mRNA interactions. (A) Expression of *AMIGO1*, *SMAD3*, *GHR* and *DCAKD* in primary chondrocytes transfected with miR-143--3 p mimic or antagomir compared with control as determined by RT-qPCR. (B) Expression of *WNT9A*, *FZD1* and *GDF6* in primary chondrocytes transfected with miR-329--3 p or miR-99a-3p mimic or antagomir compared with control as determined by RT-qPCR. Data shown are the average±SE of the mean for three independent donors (\*p\<0.05). miRNA, microRNA; mRNA, messenger RNA; RT-qPCR, reverse transcriptase-quantitative PCR.](annrheumdis-2018-213882f04){#F4}

miRNA-regulated gene pathways {#s3-5}
-----------------------------

To find specific miRNA-regulated gene pathways involved in OA pathophysiology, we analysed the 238 prioritised mRNAs likely targeted by DE miRNAs in OA cartilage for enrichment in biological processes using the 2387 DE genes as background. As shown in [table 2](#T2){ref-type="table"}, 10 pathways were significantly enriched, including 'positive regulation of GTPase activity' (FWER=9.8×10^−6^) and 'nervous system development' (FWER=8.4×10^−5^). Notable genes involved in the latter were *NLGN1* (FC=0.61, FDR=0.014), which plays a role in synapse function, and *NTF3* (FC=2.7, FDR=6.6×10^−6^), which controls survival and differentiation of neurons.

###### 

Pathway analysis of differentially expressed target genes

  Term                                                    P values   FWER       Fold enrichment   Genes
  ------------------------------------------------------- ---------- ---------- ----------------- -----------------------------------------------------------------------------------------------------------------------------------------------------
  Positive regulation of GTPase activity                  4.60E-08   9.80E-06   7.68              SNX18, PDGFA, ARHGEF17, S100A10, IRS1, RAB3IP, ELMO1, THY1, FZD10, RGS4, RASA3, ST5, TBC1D20, SRGAP1
  Nervous system development                              3.93E-07   8.37E-05   7.07              GLRB, NTF3, PCDHB4, NLGN1, NINJ1, EVL, SLC7A5, CSGALNACT1, BZW2, TPP1, DLG3, CRIM1, DCLK1
  Protein phosphorylation                                 5.66E-06   1.20E-03   5.46              RPS6KA5, CCNE1, CCND1, PKN3, WNK4, PHKG2, MKNK2, TESK2, PRKACA, PRKACB, BMPR1B, DCLK1, TRIB2
  IRE1-mediated unfolded protein response                 6.84E-06   1.46E-03   102.27            TPP1, SRPRB, SEC61A1, ADD1
  Stimulatory C-type lectin receptor signalling pathway   6.84E-06   1.46E-03   102.27            RPS6KA5, PSMD1, PRKACA, PRKACB
  Extracellular matrix organisation                       9.93E-06   2.11E-03   5.16              PDGFA, LUM, ADAMTSL4, TNC, ITGB4, SPINT1, ITGB5, ITGA3, CSGALNACT1, COL9A1, ITGA5, COL27A1, TGFBI
  Signal transduction                                     1.96E-05   4.17E-03   3.06              PTPRK, OSTF1, NTF3, CYTL1, MAPKAPK3, PDE3B, TNFSF13, CDS1, IRS1, SUFU, PLAUR, TMED4, MYD88, EPS8, PKN3, SMOC1, PDE8B, IGFBP1, PRKACB, RASA3, SRGAP1
  Tumour necrosis factor-mediated signalling pathway      1.11E-04   2.36E-02   42.61             TNFRSF12A, PSMD1, TNFRSF19, TNFSF13
  Activation of protein kinase A activity                 1.50E-04   3.19E-02   153.41            PRKAR2B, PRKACA, PRKACB
  Cellular response to BMP stimulus                       2.18E-04   4.65E-02   34.09             SPINT1, TMEM100, BMPR1B, BMP6

\*p\<0.05.

BMP, bone morphogenic protein; FWER, familywise error rate.

Discussion {#s4}
==========

By integrating overlapping RNA sequencing of mRNA and miRNA in paired preserved and lesioned OA cartilage samples, we presented the first comprehensive, OA-specific, miRNA interactome. Hereto, we identified 142 miRNAs and 2387 genes with significant DE between lesioned and preserved cartilage. By a strict prioritisation scheme, we created a novel OA-associated miRNA interactome of 62 miRNAs and their 238 likely target mRNAs. Subsequent pathway analyses of the miRNA targeted genes showed significant enrichment for genes that act, among others, within 'positive regulation of GTPase-activity' and 'nervous system development'. To allow biological interpretation of some of the highlighted clusters, functional validation experiments were performed with antagomirs and mimics. We observed that mimics of miR-143--3 p, with singular correlation to the *GHR*, *SMAD3*, *AMIGO1* and *DCAKD* genes, had consistent inverse effects on gene expression. On the other hand, antagomirs and mimics of miR-99a-3p and miR-329--3 p, both paired with *WNT9A*, *FZD1* and *GDF6* genes ([figure 4B](#F4){ref-type="fig"}), had consistent effects on gene expression but with variable directions. Together, our data suggest that interacting levels of miRNAs collectively affect gene expression in the cartilage, yet exemplifies the complexity of functional validation of miRNA--mRNA networks.

Among the enriched miRNA targeted genes in the nervous system development pathway were *NLGN1* and *NTF3. NLGN1* encodes neuroligin 1, which is a postsynaptic adhesion molecule involved in the regulation of glutamatergic transmission. More recently it was shown that *NLGN1* is expressed during chondrogenesis and marks cellular identity of articular chondrocytes.[@R27] *NTF3* encodes neurotrophin-3, a member of the neurotrophin family that controls survival and differentiation of mammalian neurons. The protein is closely related to both nerve growth factor and brain-derived neurotrophic factor. In our data set we prioritised the *NTF3* gene as a likely target of miR-502--3 p and involved in OA pathophysiology. This since *NTF3* is highly significantly upregulated (FC=2.7, FDR=6.6×10^−6^) and miR-502--3 p is significantly downregulated (FC=0.8, FDR=0.04) in lesioned OA cartilage, the expression of *NTF3* and miR-502--3 p was inversely correlated (r=−0.57, p=0.007), and they are a predicted mRNA--miRNA target pair (miTG score=0.473) ([online supplementary table-S6](#SP9){ref-type="supplementary-material"}). Targeting such a dysfunctional miRNA--mRNA interaction may represent a therapeutic promise for preclinical development, for example, by applying miRNA mimics of miR-502--3 p. As exemplified by our functional validation, the direct miRNA--mRNA target interaction should, however, be carefully assessed, for example, by luciferase assays. Moreover, we advocate that a systems medicines approach of antagomirs or miR mimics transfections followed by RNA sequencing is preferably taken to obtain a thorough understanding of all biological mechanisms involved. Finally, bioinformatics tools need to be developed that take into account, or take advantage of, the fact that the miRNA 'seed' sequence (nucleotides 2 and 7) can target the 3'UTR region of multiple mRNAs[@R28] or may bind to other parts of the gene.[@R29] Together, our miRNA interactome represents a comprehensive legacy to directly probe miRNAs of interest with their likely downstream signalling pathways, target predictions and/or experimental validations from respective databases. The fact that some of these tools use publication criteria as experimental validation of miRNA--mRNA target pairs should raise awareness that this could confound complex miRA--mRNA target interactions rather than illuminating them.

Within the interactome, miR-99a-3p, not previously associated with OA, targets the highest number of genes (n=36), with 20 of those genes targeted only by miR-99a-3p, while 16 genes were also targeted by other DE miRNAs. Of the latter, *GDF6* is targeted by three other miRNAs (miR-329--3 p, miR-339--5 p, miR-532--3 p), with miR329-3p having the strongest inverse correlation (r=−0.67). *GDF6* is a member of the transforming growth factor-beta super family whose members are essential for normal formation of the bones and joints in the limbs, skull and axial skeleton.[@R30] Also notable is that *GDF6* is an important paralogue of *GDF5*, the most consistently OA susceptibility gene found to date.[@R31] Moreover, *GDF5* has recently been identified as one of the key genes able to stratify two OA subgroups of knee articular cartilage based on expression levels.[@R32]

In our DE miRNA data set, we identified many of the previously reported, OA-associated, miRNAs such as miR-206[@R22] and miR-140.[@R15] However, in our miRNA interactome, these miRNAs did not necessarily correlate to their previously reported target genes. For example, miR-140--5 p in our miRNA interactome is only connected to *RGS4* ([figure 3](#F3){ref-type="fig"}) and not to *ADAMTS5*, *MMP13* and *IGFBP5*, as reported previously by Tardif *et al*.[@R15] To explore this further, we report in [online supplementary table-S7](#SP12){ref-type="supplementary-material"} our miRNA and mRNA expression data of the most consistently reported miRNA--mRNA target pairs, for example, as reported in a recent review.[@R33] As shown in [online supplementary table-S7](#SP12){ref-type="supplementary-material"}, miR-140--5 p has only very modest correlations to these previous reported target genes, likely reflecting their indirect effects. Moreover, some of the previously reported miRNAs are not among the ones presented in the miRNA interactome due to our strict prioritisation approach ([figure 3](#F3){ref-type="fig"}). For example, miR-27a-3p is highly upregulated in lesioned OA cartilage (FC=1.8, FDR=5.0×10^−4^), but is not present in our miRNA interactome because it has significant positive correlation to *MMP13* (r=0.5, p=3.6×10^−2^), and this gene does not show significant DE in preserved versus lesioned OA cartilage (FC=0.9, FDR=8.34×10^−1^).
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Another example of earlier reported miRNA associated to OA pathophysiology is miR-206. In a recent study, it was shown that increased expression of miR-206 significantly inhibited proliferation of chondrocytes while promoting expression of catabolic enzymes and apoptosis-inducing factors, suggesting that inhibition of miR-206 may control cartilage degradation in OA.[@R22] In our data set miR-206 indeed exhibits a high and significant upregulation in lesioned compared with preserved OA cartilage (FC=4.9, FDR=2.6×10^−6^) and, based on the here identified interactions with *CFH*, *IFIH1*, *NINJ1*, *GPM6A*, *L3MBTL4*, *COLEC12*, *PLCD3*, *ACSF2*, *CYTL1*, *RHNO1*, *FIBIN* and *C22orf39*, we advocate that these genes may be involved in this process ([figure 3](#F3){ref-type="fig"}). Taken together, the field of miRNA biology has demonstrated that miRNAs are bound to target multiple mRNAs in a network and, via dysregulation, causal to complex diseases,[@R34] including OA.[@R35] Moreover, targeting dysfunctional miRNA--mRNA interactions has emerged as an important therapeutic promise for preclinical development. As such, the here identified miRNA interactome of OA articular cartilage may represent a first important step to fulfil this promise. Nevertheless, our functional validation experiments highlighted that additional high-throughput (ie, high-throughput sequencing of RNA isolated by crosslinking immunoprecipitation (HITS-CLIP)) functional analyses towards systems medicines approaches are necessary to demonstrate direct binding of miRNAs to specific target genes and concurrent downstream changes in all mRNA expression levels.
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